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■ INTRODUCTION
Boron nitride nanotubes (BNNTs) are structurally analogous to carbon nanotubes (CNTs) but offer a different set of properties such as higher thermal stability, high polarizability, wide band gap, and high neutron absorption cross section. These features make BNNTs attractive fillers for multifunctional polymer nanocomposites and offer advantages over CNTs in some cases. Such applications often require a stable and uniform dispersion, which can be achieved by modification of the BNNT surface. Noncovalent functionalization of BNNTs has been described using alkylamines, alkylphosphines, 1 aromatic containing molecules, 2 and polymers. 3 The interactions in these cases are mediated by electron-rich nitrogen or phosphorus species interacting with electron-deficient boron and by π−π interactions. For example, conjugated poly[mphenylenevinylene-co-(2,5-dioctoxy-p-phenylenevinylene)] noncovalently wraps BNNTs. 3 More recently, noncovalent functionalization of BNNTs using two conjugated poly(pphenylene ethynylene)s (PPE) and a polythiophene (PT) derivative was reported, and the absorption/emission of the PPE derivatives attaching on BNNTs showed red shifts in comparison with free PPEs due to the enhanced planarization, while the PT derivative showed blue shifts suggesting a disruption of its π-conjugation. 4 While several conjugated polymers have been shown to functionalize BNNTs and improve solubility, the details of the interactions have not been fully studied.
PT derivatives have been more widely investigated for modification of CNTs. 5−12 Poly(3-hexyl-thiophene) (P3HT) was shown to wrap around single-walled CNTs in a number of conformations such as helices, bundles, and more elongated conformations that maximize planar π−π stacking. 8 Microscopic evidence of the P3HT coil wrapping around multiwalled CNTs (MWCNTs) also has been reported. 9 In contrast, several studies have shown that CNTs can serve as orientation templates and heterogeneous nucleation agents for formation of crystalline P3HT nanofibrils perpendicular to the CNT axis. 10−12 It has been shown that the thiophene rings provide a zigzag backbone that allows a thermodynamically more stable coaxial attachment on CNTs, providing an ordered growth front, while reports of wrapping are attributed to kinetic effects.
12 Disagreement between observations has been attributed to both complicated interactions and a lack of effective methods to assess the polymer conformation. 12 In this work, we employ P3HT to noncovalently functionalize BNNTs and demonstrate that polarized excitation fluorescence microscopy is a powerful method to assess the conformation of conjugated polymers on nanotube surfaces. Using this technique, we show conclusively that the P3HT chains were always aligned along the BNNT axis.
■ EXPERIMENTAL SECTION
BNNTs were synthesized by a thermal plasma process. 13 Highquality, small-diameter (∼5 nm) BNNTs were produced in high yield directly from hexagonal boron nitride (h-BN) powder (99.5%, avg. 70 nm, MK-hBN-N70, M K Impex Corp.) and postpurified through thermal and solvent treatments. Regiorandom-P3HT (rra-P3HT; Mw = 60−90 kDa) was obtained from Rieke Metals, Inc.
P3HT/BNNT Suspensions. The P3HT-functionalized BNNTs were prepared by suspending 3 mg of BNNTs in 15 mL of CHCl 3 with the aid of bath sonication (15 min) and adding, dropwise, a solution of P3HT in CHCl 3 (0.5 mg/mL). The mixture was bath-sonicated for 15 min.
Absorption Spectroscopy. Polymer, neat BNNT, and polymer-functionalized BNNT solutions and/or suspensions were characterized at various stages of the experiment by ultraviolet−visible (UV−vis) absorption spectroscopy. Spectra were recorded with a Cary 5000 spectrophotometer (Agilent) with solutions in 10 mm path length quartz cuvettes.
Polarized Excitation Fluorescence Microscopy. To elucidate the conformation of the rra-P3HT polymer on BNNT, we conducted a polarized excitation fluorescence microscopy investigation of the rra-P3HT/BNNT hybrids. A drop of a highly dilute rra-P3HT/BNNT suspension was spread on a piranha-cleaned no. 1.5 coverslip, excess suspension was removed with lens cleaning paper, and the sample was airdried. The dilution was optimized to minimize aggregation of rra-P3HT/BNNT hybrids on the coverslip and ensure the distance between fluorescing features to be on the order of 3−5 μm or approximately 10−20 times the diffraction limit. The sample was imaged by polarized excitation fluorescence microscopy using a fluorescence microscope based on the IX-81 Olympus platform. The sample was illuminated with a 543 nm He−Ne laser beam selected to maximize excitation of the rra-P3HT/BNNT hybrids and minimize excitation of free rra-P3HT. The beam was focused on the back focal plane of a 150× oil immersion TIRF objective (UApo 150×/1.45 oil TIRFM, Olympus) in order to obtain a well-collimated beam in the sample plane. The laser beam was linearly polarized with a variable direction of polarization in the sample plane controlled by a half wave plate (WPH05M-546, Thorlabs) installed in an optics slot directly beneath the objective. Fluorescence was collected by the objective and passed through a Semrock FF01-593/40-25 fluorescence filter, resulting in selective detection of the fluorescence in the 570−615 nm range. An optional 1.6× lens was inserted in the detection path for a 240× total magnification of the sample image. The fluorescence images were recorded using a Photometrics Evolve 512 Delta EMCCD camera with the excitation beam polarization rotated in either 10 or 20°steps in the 0−180°range with respect to the X axis (left-to-right direction as observed by the experimenter in front of the microscope).
■ RESULTS AND DISCUSSION
As shown in Figure 1a , BNNTs were dispersed in chloroform after addition of rra-P3HT, and the orange color observed for the rra-P3HT solution changed instantaneously to purple. The color change indicates a significant change in the conformation of the polymer chains.
14 rra-P3HT/BNNT suspensions (0.2 mg/mL) are stable for weeks with only trace sedimentation. Absorption spectra are presented in Figure 1b . The supernatant of pristine BNNTs shows only weak scattering in the 300−700 nm region and no absorption because the BNNT band gap is in the UV (∼5.9 eV). Absorbance of rra-P3HT/BNNT was significantly higher as compared with pristine BNNTs and had a much stronger scattering component, indicating that the π−π interaction with rra-P3HT can effectively debundle BNNT aggregates and improve solubility. The spectrum of the orange r r a -P 3 H Ts o l u t i o ni nC H C l 3 ( Figure 1b ) contains one unstructured band (maximum at 432 nm) associated with the intrachain π−π* transition of well-dissolved rra-P3HT in a coillike conformation. 15 By contrast, rra-P3HT/BNNTs display a significantly red-shifted band having a partially resolved structure with absorption peaks near 520, 555, and 603 nm. These changes suggest that chain twisting is strongly inhibited as a result of π−π interactions leading to planar molecules with extended conjugation at the BNNT surface. Similar behavior is observed for regioregular-P3HT/BNNT ( Figure S1 ), where corresponding bands are observed at slightly higher wavelengths (562 and 605 nm) due to a longer conjugation length.
The color and solubility changes of the BNNT suspension were examined as a function of the rra-P3HT to BNNT weight ratio ( Figure 2 ). Immediately after adding orange-colored rra-P3HT solution (rra-P3HT to BNNT weight ratio = 0.008), the color changed to purple (Figure 2a) , providing visual indication of planarization of the polymer chains at the BNNT interface. With an increasing amount of rra-P3HT added, BNNTs gradually dispersed (Figure 2a) , and the UV−vis spectra (Figure 2b) showed only the longer-wavelength, structured band until the maximum BNNT concentration was achieved (∼0.08−0.1 rra-P3HT to BNNT weight ratio). At higher ratios, an additional band at 432 nm corresponding to free polymer appeared and increased with rra-P3HT content. Figure 2c shows the evolution of absorption at 555 and 300 nm, which are measures of the concentration of rra-P3HT/ BNNT hybrids and the degree of BNNT debundling, respectively, as functions of the weight ratio of rra-P3HT to BNNT. For weight ratios of rra-P3HT to BNNT of approximately 0.08−0.1 and greater, the absorption at 432 nm measures the concentration of rra-P3HT in solution not attached to the BNNTs. The evolution of this band intensity is also shown in Figure 2c . The relative intensity of the 603 nm band has been used to evaluate the degree of crystallinity of rr-P3HT/MWCNT composites 8 and P3HT nanowhiskers. 16 The intensity ratio for rra-P3HT/BNNT as a function of increasing P3HT to BNNT weight ratio is included in Figure 2c . The I 603 / I 555 ratio is approximately constant, indicating the formation of similar morphologies at the BNNT surface until all of the available BNNT surface is covered by the polymer (∼0.08−0.1 rra-P3HT to BNNT weight ratio), after which further addition The Journal of Physical Chemistry C Article only leaves rra-P3HT in solution in a coil-like conformation, as indicated by further increasing absorption at 432 nm and unchanged absorption at 555 nm. Estimates of the BNNT surface coverage by a single layer of polymer indicate ∼20− 50% coverage of the BNNT surface area at the 0.08 rra-P3HT to BNNT weight ratio (see the Supporting Information).
Molecular dynamics simulation has been used to investigate interfacial binding of BNNTs and CNTs with PT, revealing the PT/BNNT interactions to be much stronger. 17 Our experiments with MWCNTs show that rra-P3HT also debundles MWCNTs, and a weak broad band is observed (530−680 nm), indicating planarization and adsorption of rra-P3HT on the MWCNTs ( Figure S2 ). However, the absorption band has a more diffuse structure than that for BNNTs under similar conditions. This could be due to a less uniform and broader conformation distribution on the CNT surface due to weaker PT/CNT interaction as compared to PT/BNNT interaction.
In contrast with observations for BNNTs, no significant color change was evident after addition of the orange-colored rra-P3HT solution to a suspension of hexagonal boron nitride (h-BN) flakes in chloroform (Figure 3a) . The absorption spectra of rra-P3HT/h-BN suspensions showed only a small blue shift in comparison to free rra-P3HT (Figure 3b) , suggesting a disruption of its π-conjugation by interaction with h-BN, but not the dramatic change observed with BNNTs. These results indicate that h-BN, which is the main impurity in our BNNT samples, does not induce planarization of the rra-P3HT polymer chains at the interface and will not contribute to the intensity of the structured band in the absorption spectra of BNNT samples. Therefore, we conclude that the distinct structured band in the absorption spectra, associated with the planar rra-P3HT, can be used for assessment of the relative purity of BNNT samples.
Polarized Excitation Fluorescence Microscopy. To elucidate the conformation of the rra-P3HT polymer, highly dilute samples of rra-P3HT/BNNT were imaged by polarized excitation fluorescence microscopy. A similar technique has previously been used to determine single P3HT chain conformation in a PMMA matrix but not in the case of nanotubes. 18 Fluorescence images were recorded as a function of the excitation beam polarization rotated in the 0−180°range in 10 or 20°steps. A similar technique has recently been used in our laboratories to visualize model membrane reorganization and measure order parameters. 19, 20 Figure 4 illustrates the fluorescence intensity variation of rra-P3HT/BNNT fragments with the excitation beam polarization indicated by the ⎯ ⇀ E vector. The observation that entire elongated fragments (identified as rra-P3HT-functionalized BNNTs) follow the same intensity variation with excitation polarization indicates a highly anisotropic polymer morphology. The stack of images of varying excitation polarization angle (e.g., Figure 4 ) was automatically scanned pixel-by-pixel, and the fluorescence intensity as a function of a polarization angle was fitted to eq 1
where I bg is a local background intensity, A is the fluorescence intensity modulation amplitude, x is a laser beam polarization angle, and α is the excitation dipole moment angle ( Figure 5 ) to obtain the best estimates of the parameters for each pixel. In addition, a fluorescence intensity modulation depth, M = A/I avr , where I avr is a background corrected average fluorescence intensity, was calculated. In conjugated polymers like P3HT, the M value ranges from 1 for chromophores aligned in a stretched chain to 0 for chromophores randomly oriented in a folded chain. Figure 6 shows the intensity variation averaged over the full length of one linear rra-P3HT/BNNT fragment (∼1 μm) and the best fitt oeq 1. A set of five new result images was created with pixel values equal to I avr , and best estimates of A, α, M, and r 2 of the fit(A, α, M are shown in Figure 7a , b, and c, respectively). These parameter-mapping images were used together with the polarization resolved image sequences to identify well-separated rra-P3HT/BNNT fragments.
The orientation angles, β ( Figure 5 ), of the linear fragments were measured to determine the BNNT orientation. Systematic measurement of β (Table 1) for both long straight fragments and relatively short ones resulted in the average difference between α and β angles equal to −0.1 ± 2.9°. When only The Journal of Physical Chemistry C Article relatively long (>1−2 μm) and straight fragments were analyzed, the standard uncertainty of the α−β difference could be reduced by a factor of 2 or more. For the linear and isolated BNNT fragments, the intensity modulation depth was generally ∼0.9−1.0 (∼90−100% intensity modulation depth; for example, fragment #4i nFigures 4 and 7 and the corresponding graph in Figure 6 ), which is consistent with the linear rra-P3HT conformation. 18 The effectively 0°α−β difference indicates, in turn, that rra-P3HT linearly stretches along BNNTs rather than across. It should be noted that a helical wrapping of BNNTs by the polymer would show qualitatively different intensity variation with two maxima and a reduced modulation depth and thus can be ruled out.
We also observed multiple features with the longest dimension usually below or near the diffraction limit. Some show high modulation depth in the 0.9−1.0 range and are believed to be short rra-P3HT/BNNT fragments, while others exhibit a rather shallow modulation generally less than 0.5, for example, the fragment at the bottom of the images in Figure 4 and the parameter mapping images in Figure 7 (see Figure 8 for intensity variation as a function of the polarization angle). The fluorescence features with small modulation depth and illdefined dipole moment angle are believed to be polymercovered BN impurities (see Figure 3) , which are seen in TEM images ( Figure S3 ).
Several tens of linear fragments, briefly examined but not analyzed in detail for Table 1 , all displayed qualitatively equivalent fluorescence dependence on excitation light polarization, leading us to conclude that the rra-P3HT was always planarized and stretched parallel to the long axis of the BNNTs.
■ CONCLUSION
We have shown that rra-P3HT is an effective dispersant for BNNTs that self-assembles stretched along the nanotube and improves the solubility of nanotubes in organic solvents. The conformational change generates a distinctive concentrationdependent feature in the absorption spectra of the P3HT/ BNNTs hybrid. The rra-P3HT to BNNT weight ratio can be optimized by monitoring absorption signatures for free and bound rra-P3HT, which also establishes a basis for a method for relative assessment of the purity of BNNT samples. We demonstrated polarized excitation fluorescence microscopy to be a powerful tool to elucidate the polymer conformation on nanotubes. Fluorescence imaging allows for visualization of the nanotubes, making it easy to identify their orientation while imaging at optical magnifications. Furthermore, imaging and analysis through a full rotation of the polarization direction provides for an objective assessment of polymer chain morphology on the BNNTs. Although we only directly observe the polymer, evidence from the UV−vis spectra indicated that the majority of the polymers observed were attached to BNNTs. Extensions of this technique are likely to be amenable to studying a variety of nanotube-conjugated polymer interactions and offer obvious advantages in terms of quantitative assessment and representative sampling over more commonly employed imaging techniques. 
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